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Abstract

We discussthe issuesinvolved in implementingMPI-1O portably
onmultiple machinesandfile systemsandalsoachieving high per
formance.Onewayto implementMPI-10 portablyis to implement
it on top of the basicUnix I/O functions(open, | seek, r ead,
write, andcl ose), which arethemseles portable. We argue
thatthis approachaslimitationsin bothfunctionality andperfor
mance Weinsteadadwcateanimplementatiorapproachhatcom-
binesa large portion of portablecodeanda small portion of code
thatis optimizedseparatelyor differentmachinesandfile systems.
We have usedsuchan approachto develop a high-performance,
portableMPI-10 implementationcalledROMIO.

In additionto basicl/O functionality, we considertheissuesof
supportingother MPI-10 features,suchas 64-bit file sizes,non-
contiguousaccessegollective I/O, asynchronouO, consisteng
and atomicity semanticsusersuppliedhints, sharedfile pointers,
portabledatarepresentationandfile preallocation. We describe
how we implementedeachof thesefeatureson variousmachines
andfile systems.The machineswve considerarethe HP Exemplar
IBM SR Intel Paragon NEC SX-4, SGI Origin2000,andnetworks
of workstationsandthefile systemave consideareHPHFS,IBM
PIOFS,Intel PFSNEC SFS,SGIXFS, NFS,andary generalnix
file system(UFS).

We alsopresentour thoughtson how a file systemcanbe de-
signedto bettersupportMPI-10. We provide a list of featuresde-
siredfrom afile systemthatwould help in implementingMPI-10
correctlyandwith high performance.

1 Introduction

Portableparallelprogramminchaslong beenhamperedy thelack
of a standard portableapplicationprogramminginterface (API)
for parallel1/O. Most parallelfile systemshave a Unix-like API
with variationsthat are nonportable. Furthermore the Unix API
is not an appropriateAPI for parallel I/O: it lacks someof the
featuresnecessaryo expressaccesgatternscommonin parallel
programs,suchas noncontiguousccesseand collective 1/O, re-
sulting in poor performancg35]. To overcometheselimitations,
the MPI Forumdefineda new API for parallell/O (commonlyre-
ferredto asMPI-10) aspart of the MPI-2 standard19]. MPI-IO
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is a comprehensie API with mary featuresintendedspecifically
for 1/O parallelism,portability, and high performance Implemen-
tationsof MPI-10, both portableandmachine-specificarealready
available[7, 13,23,24,34].

In this paper we discussthe issuesinvolvedin implementing
MPI-10 portably on multiple machinesandfile systemsand also
achieving high performance.We amguethatif animplementation
usegustthebasicUnix I/O functionsin orderto achieve portability;
it will have limitationsin both functionality and performance We
describeanalternatve approachc¢alledADIO, thatachievesporta-
bility and performanceby combininga large portion of portable
codewith a small portion of codethatis optimizedseparatelyfor
differentmachinesandfile systemsWe have usedthis approachn
our portableMPI-10 implementationROMIO.!

In additionto implementingbasicl/O functionality (openclose,
read,write, seek) we considertheissuesf supportingotherMPI-
10 featuressuchas64-bitfile sizes,noncontiguousccesseg;ol-
lective 1/0, asynchronoud/O, consisteng and atomicity seman-
tics, usersuppliedhints, sharedfile pointers,portabledatarepre-
sentationandfile preallocation We describenow we implemented
eachof thesefeatureson variousmachinesandfile systems.The
machinesve consideraretheHP Exemplar IBM SR Intel Paragon,
NEC SX-4,SGIOrigin2000,andnetworksof workstationsandthe
file systemsve considerareHP HFS,IBM PIOFS, Intel PFS,NEC
SFS,SGI XFS, the Network File System(NFS), andary general
Unix file system(UFS).

We alsodescribehow a file systemcan be designedo better
supportMPI-10. We provide a list of featuresdesiredfrom a file
systenthatwould helpin implementingMPI-10 correctlyandwith
high performance.

2 Achieving Portability and Performance

ThebasicUnix I/O functions(open, | seek, read, wi t e, and
cl ose) [29] aresupportedvithoutvariationonall machinesvith a
Unix-like operatingsystem.Onewayto implementMPI-10 portably
therefore,is to implementMPI-10 functionson top of thesebasic
Unix I/O functions.Sincethe Unix I/O functionsareportable such
anMPI-10 implementatiorwill be portableto mary machinesand
file systemsThis approachhowever, haslimitationsin bothfunc-
tionality andperformanceasexplainedbelow:

1. ThebasicUnix I/O functionsarenot sufficientto implement
all of MPI-10 on all file systemdor thefollowing reasons:

e The basicUnix 1/O functionsare blocking functions.
Mary file systemgprovideadifferentsetof (nonportable)
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functionsfor nonblockingl/O 2

e On mary file systems,the basic Unix /O functions
work only on files of size lessthan 2 Gbytes. Differ-
ent functionsmust be usedfor larger files, and these
functionsarealsononportable (We notethatan MPI-
10 implementatioris not requiredto supportlarge file
sizes but mosthigh-qualityimplementationsvill.)

e Somefile systemsallow the userto controlfile-striping
attributeswith specialnonportabldunctions(e.g.,IBM
PIOFSandintel PFS).

e Somefile systemssupportadditionalfeaturessuchas
file preallocation(e.g.,SGI XFS, Intel PFS,HP HFS)
andachoiceof atomicandnonatomidile-accessnodes
(e.g.,IBM PIOFSandIntel PFS).The corresponding
functionsarealsononportable.

Sinceall thesefeaturesareavailableat the MPI-10 level, an
MPI-10 implementatiorcannotsupportthemif it usesonly
thebasicUnix I/O functions.

2. Althoughthe basicUnix 1/O functionsare supportedon all
file systemsthey areoften not the recommendedunctions
(for performancepn all file systemsFor example,

e Onthe Intel Paragonthe recommendedunctionsare
creadandcwri te.

e On SGI IRIX 6.5, the recommendedunctions are
pread64 andpwr it e64; on IRIX 6.4 and earliet
they arecalledpr ead andpwri t e.

e On HP machinesrunning the SPPUX operatingsys-
tem (andnot HPUX), the recommendedunctionsare
pread64 andpwr i t e64.

3. Whenusing the Network File System(NFS), it is not suf-
ficientto call just the Unix r ead/wr i t e functions. Since
NFS performsnoncoherentlient-side cachingby default,
file consisteng is notguaranteedf multiple processesirite
to acommonfile [28]. Client-sidecachingmustbe disabled
by locking the portion of the file beingaccessedby using
fcntl. A lock andunlock arethereforeneedecacrossthe
readwrite call

4. Mary researchHile systemsrovide theirown APIs[9, 3, 11,
15, 20]. ImplementingMPI-10 ontop of Unix I/O functions
will notbeportableto thesefile systems.

An alternatveis to implementMPI-10 ontop of the POSIXI/O
interface[12] insteadof the basicUnix 1/O functions.The POSIX
interfaceis aninternationaktandardvith greateffunctionalitythan
basicUnix 1/0. For example, POSIX supportsasynchronou$/O
andlist-directedl/O. This approachhowever, alsohaslimitations.
Although POSIX s a standardjt is not yet widely implemented.
One, therefore,cannotassumethat POSIX I/O functionswill be
availableonall file systemsFurthermoremary vendorsdonotfol-
low the POSIX standardstrictly. They implementonly partsof it,
andeventheimplementedbortion may not conformstrictly to the
standardparticularlyin the caseof asynchronou#/O). Someven-
dorsprovide aseparataetof functionsfor 64-bitfile sizes.POSIX
alsodoesnot supportsomefeaturesghat MPI-1O supportsfor ex-
ample,file preallocatiorand varyingfile-striping attributes. Non-
standardunctionsmustbe usedon file systemghat supportthese

2t is possible however, to implementnonblockirg I/O by spawninga threadthat
callsablockingl/O function.

features.In all, implementingMPI-10 ontop of POSIXI/O is not
sufiicient either

We believe that the only way to implementMPI-IO portably
with completefunctionalityandhighperformancés to haveamech-
anismthatcanutilize the speciaffeaturesandfunctionsof eachfile
system.We describesuchan architecturecalledADIO, which we
usein our MPI-10 implementationROMIO [34].

2.1 Abstract-De vice Interface for I/O

ADIO [31], an abstract-deice interfacefor 1/O, is a mechanism
specificallydesignedor implementingparallel-1/0O APIs portably
on multiple file systems.We developedADIO beforeMPI-IO be-
camea standard,as a meansto implementand experimentwith
variousparallel-/OAPIs thatexistedatthetime.

ADIO consistof asmallsetof basicfunctionsfor parallel I/O.
Any parallel-I/OAPI canbeimplementegortablyontopof ADIO,
and ADIO itself is implementedseparatelyon eachdifferent file
system ADIO thusseparatethemachine-dependgandmachine-
independenaspectsnvolvedin implementingan APl. The ADIO
implementatioron a particularfile systemis optimizedfor thatfile
system.We usedADIO to implementintel's PFSAPI andsubsets
of IBM’s PIOFS API andthe original MPI-IO proposal[36] on
multiple file systemsBY following suchanapproachye achieved
portability with very low overhead31].

Now that MPI-10 hasemepged asthe standardwe useADIO
asamechanisnfor implementingMPI-10O portably(seeFigurel).
This MPI-10 implementatioris calledROMIO [34]. ROMIO runs
onthefollowing machinesiBM SP;Intel Paragon,Cray T3E; HP
Exemplar; SGI Origin2000; NEC SX-4; other symmetricmulti-
processorgrom HP, SGI, Sun, DEC, and IBM; and networksof
workstations(Sun, SGI, HP, IBM, DEC, Linux, and FreeBSD).
Supportedile systemsareIBM PIOFS, Intel PFS,HP HFS, SGI
XFS, NEC SFS,NFS, andary Unix file system(UFS). All func-
tions definedin the MPI-2 1/O chapterexceptsupportfor file in-
teroperability /O error handling,and|/O error classehave been
implementedin ROMIO. (The missing functionswill be imple-
mentedin a future release.)ROMIO is designedo be usedwith
anyMPI-1 implementation—botlportableandvendorspecificim-
plementationslt workswith, andis includedaspartof, threeMPI
implementationsMPICH, HP MPI, andSGIMPI.

Anotherapplicationof ADIO is for implementingremotel/O.
An MPI-I0 implementatiorcanenablea programrunningon one
machingo acceséilesfrom remotemachinedy providing anADIO
implementatiorthataccessedatafrom an ADIO sener runningat
aremotesite. Suchanimplementatioris describedn [8] andalso
illustratedin Figure1.

A similar abstract-deice interfaceis usedin MPICH [10] for
implementingVIPI portably

3 Implementing MPI-IO

We describehow we implementedeachfeatureof MPI-IO on var
ious machinesandfile systems.The mary variationsamongma-
chinesclearly demonstrat¢he needfor an ADIO-like approacto
implementingVPI-10 portably wherethevariationsareaccounted
for in the ADIO implementation.

3.1 Basic File Access

Wefirst considetthebasicfile-acces®perationsopen close read,
write, and seek. We considerreadsand writes in which datais
contiguousin both memoryandfile; noncontiguousaccessesire
consideredn Section3.2.
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Figurel: ROMIO architectureMPI-10 is implementedgortablyontop of anabstract-deice interfacecalledADIO, andADIO is optimized

separatelyor differentfile systems.

3.1.1 Open

VPl _Fi | e_open is a collectivefunction. One of its aguments
is anMPI communicatof18] thatspecifieghe groupof processes
thatwill call this openfunction and ary other collectve MPI-1O
functionthatthe usermay chooseo usethereafteion the openfile.
Most file systems otherthan Intel PFS,supportonly the regular
Unix open anddo not have collective openfunctions. On these
file systemsROMIO justcallstheopen functionon eachprocess.
Intel PFS supportstwo openfunctions: regular Unix open and
gopen. The gopen functionis a “global open’; recommended
to be usedwhenall processein the applicationopena common
file. It cannotbe usedwhena subsetof processe®penthe file;
the functionwill hangif all processeslo not call it. MPI-IO also
supportsa few additionalfile-accessnodesthat arenot definedin
Unix or POSIX.

3.1.2 Close

The cl ose function on mostfile systemds identicalto cl ose
in Unix or POSIX. MPI _Fi | e_cl ose canbeimplementedn a
straightforwardmanneron top of Unix cl ose. If the file was
openedwith the mode MPI _MODE_DELETE ON_.CLCSE, the im-
plementationmust deletethe file. Most file systemssupportthe
Unix functionunl i nk for deletingafile.

3.1.3 Large Files

Mostfile systemglistinguishbetweerfiles of sizelessthan2 Gbytes
andgreatetthanor equalto 2 Gbytes.Thereasoris thatfile offsets
andfile sizesareusuallyrepresentedy 4-byteintegersin the reg-
ular /O functions.Thelargestnumberthatcanberepresentely a
4-bytesignedintegeris (2 Gbytes- 1). With theregularfile-system
functions,it is thereforenot possibleto accesslatafrom locations
beyond 2 Gbytes. To overcomethis problem, mary file systems
provide separatdunctionsthatuse8-byteintegersto represenfile
offsets.

In MPI-IO, file offsetsare of type MPI _Of f set, whichis a
datatypedefinedby the MPI-10 implementationTheimplementa-
tion is freeto defineit to beof ary size;the MPI standardioesnot

mandatethat the implementatiorsupportlarge files. In ROMIO,

however, onthosefile systemghatsupportargefiles (suchas|IBM

PIOFS,HP HFS,NEC SFS,andSGI XFS), all files aretreatedas
largefiles; thatis, ROMIO definedWPl _Of f set asan8-byteinte-
geranduseshe correspondindile-systemfunctionsfor largefiles
(eventhoughthe file may be smallerthan2 Gbytes). On file sys-
temsthatdo not supportlarge files, ROMIO alsodoesnot support
largefiles anddefinesVPl _OF f set asa4-byteinteger.

3.1.4 Seek

MPI-10 hastwo kinds of file pointers,individual andsharedand,
correspondinglytwo seekfunctionsto move thesefile pointers.
Most file systems(other than Intel PFS), however, supportonly
individual file pointers. In Section3.9 we describehow an MPI-
10 implementationcan implementsharedfile pointerson top of
individual file pointers.

Mostfile systemssupportthe Unix | seek function. Onsome
file systemswe needto use a different function for large files:
| seek64 onSGIXFS,HPHFS,andNECSFS;| | seek onIBM
PIOFS.

3.1.5 Contiguous Reads and Writes

Contiguousreadsand writes in MPI-IO can be mappeddirectly
ontothereadsandwritesof theunderlyingdfile system.Theread/write
functionsrecommendetbr highestperformancevary considerably
amongmachineshowever. ROMIO usesthefollowing functions:

e cread/l_cwiteonlintel PFS.

e pread64/pw it e64 onHPHFSIf theoperatingsysteris
SPPUXandr ead/wr i t e if it is HPUX.

e pread64/pwrite64 onSGI XFSif theoperatingsystem
isIRIX 6.5.0OnIRIX 6.4 andearlier the samefunctionsare
calledpr ead/pwri te.

e read/w it e elsavhere.

The functionspr ead64/pwr i t €64 takethefile offsetasanar
gument;ithereforea separaté seek64 is notrequired.



3.2 Noncontiguous Accesses

MPI-10 allows usersto accessioncontiguouslatafrom afile into
noncontiguousnemorylocationswith a single I/0 function call.
The usercanspecify noncontiguoudocationsin thefile by creat-
ing afile view with MPI's derived datatypeq19]. Noncontiguous
locationsin memorycanbe specifiedby using a derived datatype
in theread/writecall.

Theability of usergto specifynoncontiguousccessem asin-
glefunctioncallis veryimportant,becaus@oncontiguousiccesses
are very commonin parallel applications[1, 4, 21, 26, 27, 32].
Most file systemshowever, do not provide functionsfor noncon-
tiguousl/O. The Unix functionsr eadv/wr i t ev arewidely sup-
ported, but they allow noncontiguityonly in memoryand not in
the file. Noncontiguousmemory accessesire not as commonly
neededn parallelapplicationsasnoncontiguouéile accessed-ur-
thermore mostfile systemdmposealimit of at mostsixteennon-
contiguousnemorylocationsin asingler eadv/iwr i t ev call.

Somefile systemsupporthe POSIXlist-directedl/O function
l'io_l'isti o, whichallowsusersto submitmultiple I/O requests
at atime. This function also haslimitations becauseof the way
it is defined. The POSIX standard12] allows a mixture of read
andwrite requestsn thelist andsaysthateachof therequestswill
besubmittedasaseparat@onblockinglasynchronoud)O request.
Therefore POSIXimplementationgannoptimizel/O for theen-
tire list of requestsFurthermoresincethel i o_l i sti o interface
is not collective, implementationsalso cannotperform collective
1/0.

In the absencef propersupportfrom thefile systemfor non-
contiguousl/O, oneway to implementa noncontiguousMPI-10
requestis to accesseachcontiguousportion of the requestsepa-
rately by usingthe regular contiguousread/writefunctionsof the
file system. Suchan implementation however, resultsin a large
numberof small requestdo the file system,and performancede-
gradedrastically[33]. ROMIO insteadperformsan optimization,
calleddatasieving, to accessioncontiguouslatawith high perfor
mance.Thebasicideain datasieving is to makelarge /O requests
to the file systemand extract, in memory the datathat is really
neededDetailsof this optimizationcanbefoundin [33].

3.3 Collective 1/O

MPI-10 providescollective-1/O functions which mustbe calledby
all processeshattogetheropenechefile.® This propertyenables
the MPI-10 implementation(or file system)to analyzeandmeige
the requestof differentprocessesin mary casesthe megedre-
guestmaybelargeandcontiguousalthoughtheindividual requests
of eachprocessarenoncontiguousThe meigedrequestanthere-
fore be servicedefficiently. Suchoptimizationis broadlyreferred
to ascollectivel/O. Collective I/O hasbeenshowvn to beaveryim-
portantoptimizationin parallell/O andcanimprove performance
significantly[5, 14, 25, 30, 33].

Sincenoneof thefile system®nwhichROMIO isimplemented
performcollective I/O, ROMIO performstwo-phasecollective I/O
on top of the file system. In the communicationphaseinterpro-
cesscommunicatioris usedto rearrangelatainto large chunks.In
the I/O phase processeperformparallell/O in large chunksand
thereforeobtain high 1/0 performance.ROMIO hasa very gen-
eralimplementatiorof two-phasd/O: it supportsary noncontigu-
ousaccesyatternasdescribedy MPI datatypesandtheusercan
specify by meansof hints the amountof temporarybuffer space
ROMIO canusefor collective I/O andthenumberof processethat

3An MPI communicatoiis usedin the opencall to specify the participatingpro-
cessesThecommunicatorcould represenainy subset(or all) of the processesf the
application.

shouldactually perform1/O in the I/O phaseof the two-phaseop-
eration.Detailsof ROMIO’s collective-1/O implementatiorcanbe
foundin [33].

Figure2 shows the performancef an astrophysicspplication
template,DIST3D, when /O is performedin threeways: using
Unix-style independent/O, datasieving, andcollective I/O. This
applicationaccessea three-dimensionadlistributed array of size
512 x 512 x 512 from afile. On somemachinesdatasieving
performedonly slightly betterthan Unix-style independent/O;
on othersit performedconsiderablybetter Collective I/O always
performedthe bestand resultedin I/O bandwidthsrangingfrom
51 Mbytes/sedo 563 Mbytes/secdependingpn the machine.For
detailedperformanceesults,see[33].

3.4 Split Collective 1/0

MPI-10 provides a restrictedform of nonblockingcollective 1/0O
calledsplit collectivel/O. The usercancall a “begin” functionto
start the collective-1/0 operationand an “end” function to com-
pletethe operation. The implementatioris free to implementthe
collective-1/0 operatioreitherentirely duringthebegin functionor
entirely during the end function or in the “background, between
the begin andendfunctions. The MPI standardallows the userto
have at most one active split collective operationon a particular
file handleat ary time. In otherwords,the usercannotissuetwo
“begin” functionson the samefile handlewithout calling an“end”
functionto completethefirst begin.

The most naturalway to implementsplit collective 1/0O in a
nonblockingfashionis to spavn a threadthat performsthe entire
collective-1/0 operationin thebackgroundTheresultsn [6], how-
ever, indicatethat,onmostmachinesthis approactperformsmuch
worsethanif collective I/O weredoneentirely in the mainthread
duringthe begin function. The performancéds muchbetterif only
thel/O portionof collective I/O is donein aseparat¢hreadandthe
restis donein the mainthread. The split-collectve-1/O functions
in ROMIO, at presentperformthe entire collective-1/0 operation
in the main threadduring the begin function. We plan to imple-
menttrue nonblockingcollective 1/0 in ROMIO by incorporating
theresultsof [6].

3.5 Nonbloc king (Asynchr onous) 1/O

Mary file systemssupportnonblockingl/O. One way to imple-
mentMPI-10’s nonblockingl/O functionsis to usethe nonblock-
ing functionsof the file system. Intel PFS supportsnonstandard
functionscalledi r ead andi wr i t e. Othervendors(SGl, IBM,
DEC, Sun)supportPOSIX asynchronou$/O (aio) functions,but,
in mary casesthey do not follow the POSIX definition strictly.
IBM supportsnonblockingl/O on Unix andNFSfile systemsput
not on PIOFS.HP supportsnonblockingl/O only on HPUX ver-
sion 11.0 and higher, but not on SPPUX or earlier versionsof
HPUX. Nonblockingl/O functionsarenot yet availablein Linux,
FreeBSDorthe NEC SX-4.

Anotherway to implementnonblockingl/O is by explicitly us-
ing threadsthat call blocking I/0 functions. This approachhow-
ever, requiregoodthreadsupportonthe machineandathread-safe
MPI implementationneitherof which is commonon parallelma-
chinesasyet.

ROMIO implementsionblockingl/O by usingthe nonblocking
1/0 functionsof thefile systemwhereavailable. On machinesand
file systemghatdo notsupportnonblockingl/O, ROMIO justcalls
the correspondindplockingl/O functions.



=21
=
=

Elnix st yle

WData Sieving

en
=
=

OCollective 110

.
=
=

[
=
=

Read Bandwidth (Mbytesis)
ca
=
=

=
=

a0

IBMSP

HF Exemplar Intel P aragon NEC 3x4 506G Qrigin2000

Figure 2: Performanceof DIST3D using Unix-style independent/O,

bandwidth,andthefigure on theright shovswrite bandwidth.

3.6 Consistency Semantics

MPI-10’s consisteng semantic{Section9.6 of [19]) definethe
resultsuserscanexpectwith concurrenfile accessefrom multi-
ple processesMPI-10’s consisteng semantic@reactuallyweaker
thantheconsisteng semantic$n Unix [29] or POSIX[12]. In Unix
andPOSIX, afterawrite functionreturns the datais guaranteedo
be visible to every other processin the system. MPI-IO guaran-
teesthat a write from one procesds immediatelyvisible only to
processethatbelongto the communicatomwith which thefile was
openedandonly if atomicmodewasenabledeforethe write. For
ary othercasethedatais visible to anotheiprocesonly afterboth
thewriter andreadercall MPI _Fi | e_sync.

MPI-10’s consisteng semanticsare therefore automatically
guaranteedn file systemsthat supportUnix consisteng seman-
tics* NFS, by default, doesnot [28]. To obtain Unix consis-
tengy semanticoon NFS, ROMIO usesbyte-rangelocking (f c-
nt | ) acrossthe readsandwrites in orderto turn off the nonco-
herentclient-sidecachingthat NFS otherwiseperforms. Turning
off client-sidecachingreducesperformanceconsiderablybut is,
nonethelessnecessaryor correctness.We believe that the other
file systemson which ROMIO is implementeddo supportUnix
consisteng semanticxorrectly

3.7 Atomicity Semantics

Atomicity semanticslefinetheresultswhenmultiple processess-
sueconcurrenrequestgo overlappingregionsin thefile, andone
or moreof thoserequestsarewrite requestsMPI-10 supportgwo
atomicity modes. The default modeis nonatomic,in which the
resultsof suchconcurrentrequestsare undefined. The usercan
changethe modeto atomic,in which casethe overlappingregion
will containdatafrom any oneprocesnly.

Theatomicmodeis theonly modesupportedn Unix andPOSIX.
Onfile systemghatsupportUnix atomicitysemanticgorrectly the
atomicmodeis thereforemplementedy default,at leastfor con-
tiguousMPI-10 requestslf the MPI-IO requestis noncontiguous
in thefile, andthe implementationwritesit by makingmorethan

4If the MPI-10 implementatiorperformsits own buffering on top of the file sys-
tem, it musttake additionalstepsto ensurethat MPI-IO consistencysemanticsare
maintained.
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onewrite functioncall, thenatomicityis notguaranteeébr theen-
tire noncontiguoud1PI-10 request.To guaranteatomicityin such
casegwhenthe userhassetatomicmodeandthe requests non-
contiguous)ROMIO lockstherangeof bytesbeingaccesseth the
file andthenperformsthe necessary/O.

Onfile systemshatsupporbonly theatomicmode thenonatomic
modeis alsoimplementedoy default, sinceit hasweakerseman-
tics thanthe atomic mode. Somefile systemssuchasIBM PI-
OFS and Intel PFS,supportboth modes,becauseghe nonatomic
mode canresultin higher performance. On PIOFS, the default
modeis nonatomic(called NORMAL); the usercanchangethe ac-
cessmodeto atomic(calledCAUTI QUS) with thefunctionpi of -
si octl. OnPFS,the defaultmodeis atomic (called M\UNI X);
nonatomicmode (called MASYNC) can be selectedby using ei-
therthe functiongopen or set i onode. Both gopen andse-
t i onode, however, are “global” functions: all processesn the
applicationmustcall them.In MPI-IO, userscancreatea commu-
nicatorcontaininga subsewf all processesndopenthe file with
thiscommunicatarin suchcasesthe MPI-10 implementatiorcan-
notusethe nonatomicmodeon PFS.

3.8 Hints

MPI-1IO provides a mechanisnfor the userto passhints to the

implementation. Hints, such as access-patterinformation, can

helptheimplementatioroptimizefile accesg2, 22]. Hintsdo not

changethe semanticof the MPI-10 interface;animplementation
maychooseo ignoreall hints,andthe programwould still befunc-

tionally correct. MPI-IO hassomepredefinechintsfor specifying
file-striping parametersaccesgatternsandsoon. An implemen-
tationis freeto defineadditionalhints.

ROMIO supportssomepredefinedhints and someadditional
hints. The predefinedhints supportedare the file-striping param-
eters(numberof disksand striping unit) and the buffer size and
numberof processeto usefor collective I/O. Additional hintssup-
portedby ROMIO arethedisknumberfrom whichto begin striping
thefile, buffer sizesfor datasieving, and,on Intel PFSonly, a hint
to turn on senerbuffering. ROMIO useghefile-stripinghintsonly
onthetwo file systemghatallow the stripingparameterso bevar
ied, namely Intel PFSandIBM PIOFS;they areignoredon other
file systems.On PFS,ROMIO usesthef cnt| functionto vary
file-stripingparametersOn PIOFS thefunctionis pi of si oct| .



MPI-10 alsoallows usersto querythe currentvalue of a hint.
With thisfeature userscan,for example determinghedefaultfile-
stripingparametersr the buffer sizesROMIO usedor datasieving
andcollective I/0.

3.9 Shared File Pointer s

Mostfile systemsptherthanintel PFS,do not supportsharedfile
pointers. On suchfile systemsthe MPI-IO implementatiormust
implementsharedile pointerstself. Doingsorequiressomemech-
anismfor maintainingthe valueof the sharedile pointerfor each
file andfor processes$o accessand atomically updatethis value.
Onemethodis to storethe valueof the sharedile pointerin afile
andhave processespdatethe valueatomicallyby usingfile locks.
Anothermethodis to have oneproces®rthreadown thesharedile
pointerandhave otherprocesseaccesshe valuefrom this process
or thread.This method,however, requiresthatthe MPI implemen-
tation supportdynamicprocesser one-sideccommunicationpr
multiple threads,and none of thesefeaturesare commonly sup-
portedby MPI implementationssyet. A third method,applicable
only if all processebave accesgo sharedmemory is to maintain
thesharedile pointerin sharednemoryandusesomemechanism
for atomicallyupdatingthe valueof the sharedile pointer suchas
semaphores.

ROMIO usesthe first methodbecausét worksin all environ-
ments. ROMIO storesthe value of the sharedfile pointerin afile
in the samedirectoryasthe datafile beingaccessedWhena pro-
cessneeddso accesdlatausingthe sharedfile pointer it locksthe
file containingthe shared-file-pointevalue,readsthevalue,incre-
mentsit by theamountof datato bereador written, writesthenew
valueback,releaseshelock, andthenperformsthereador write of
actualdata. The shared-file-pointefile is createdvhenthe shared
file pointeris first usedin the programandis deletedwhentheuser
closesthedatafile.

3.10 Portable Data Representation

MPI-10 supportsmultiple data-storageepresentationsnat i ve,

i nt ernal, ext er nal 32, andalsouserdefinedrepresentations.

nat i ve meanghatdatais storedin thefile asit isin memory;no
datacorwversionis performed.i nt er nal is animplementation-
defineddatarepresentatiothatmayprovide some(implementation-
defined)degree of file portability ext er nal 32 is a specific,
portabledatarepresentatiomefinedin MPI-1O. A file written in
ext er nal 32 formatononemachings guaranteetb bereadable
on ary machinewith ary MPI-IO implementation. MPI-IO also
provides a mechanisnfor usersto definea new datarepresenta-
tion by providing data-corersionfunctions,which MPI-10 usego
corvertdatafrom file formatto memoryformatandvice versa.

The nat i ve representationis implementedby default, and
animplementationcanuseext er nal 32 asitsi nt er nal rep-
resentation.One way to implementext er nal 32 is to convert
eachdatatypeexplicitly from/totheext er nal 32 representation,
which mayrequirebyte swappingtruncation,or paddingdepend-
ing on the machine.Anotherway to implementext er nal 32 is
via the data-conersionfunctions:theimplementatiorcanprovide
the data-cowersionfunctionsto translatefrom ext er nal 32 to
nat i ve representatiofandvice versa)andusethesefunctionsto
implementext er nal 32.

ROMIO currently supportsonly the nat i ve representation.
We plantoimplementext er nal 32 viathedata-corersionfunc-
tions becausehis approachis modular easily extensibleto new
platforms,andsothat userscanusethe functionsasa templateto
defineotherdatarepresentations.

3.11 File Preallocation

Only afew file systemgrovide afunctionto preallocatalisk space
for afile. Intel PFShasa function called| si ze, on SGI XFS
onecanpreallocatespacevia f cnt | , andHP HFS hasfunctions
preal | oc andpr eal | oc64. On otherfile systemghatdo not
supportfile preallocationthe MPI-IO implementationrmustallo-
catespaceby actuallywriting datato thefile (whichis expensve).

3.12 Miscellaneous Issues

Herewe consideisomemiscellaneougssuesn implementingviPI-
10.

3.12.1 Library versus Client-Server Implementation

An MPI-IO implementeris facedwith the choiceof implement-
ing it asalibrary or asaclient-serer implementation We believe
thatif theunderlyingfile systemsupportshigh-performancaccess
from multiple processe® acommorfile, alibrary approachs suf-
ficient. Any furtheroptimizationsneededsuchasdatasieving and
collective I/O, canbeimplementedwithin the library. This is the
caseon parallelmachinessuchasthe IBM SR Intel Paragon, SGI
Origin2000,HP Exemplar andNEC SX-4.

A client-serer approachis neededf no commonfile system
existsfor all processe$o accessfor example,whenthe processes
run on clustersof independenmachineseachwith theirown local
file system.n suchacasethe MPI-10 implementatiorwould need
to have senersthatimplementa virtual sharedfile systemon top
of theindividualfile systemon thesemachines Anotherexample
is when MPI-10 is usedto accesdiles from remotemachinesas
describedn [8].

3.12.2 Operating with Multiple MPI-1 Implementations

MPI-10 canbeimplementedn away thatit canoperatewith ary
MPI-1implementatiorthatalsohasafew functionsfrom the MPI-2
external-interfaceshapter Thesefunctionsallow the MPI-10 im-
plementatiorto accessomeof the internaldatastructuresof the
MPI implementation. The datatype-decoding functions,
WPl _Type_get _envel ope and MPI _Type_get _cont ent s,
aretheonesmostcritically neededWithout them,the MPI-10 im-
plementationcannotdecipherwhat an MPI derived datatyperep-
resents. A completeMPI-10 implementationwould also needa
few more functions from the MPI-2 external-interfaceshapter
namely functionsfor filling in the statusobject, generalizedre-
quests,addingnew error codesand classesattribute cachingon
datatypesandduplicatingdatatypes.

The“info” functionsfrom theMPI-2 miscellaneoushapterare
neededor passindintsto MPI-10, andthesubarrayanddistributed
array datatypeconstructorsare very useful to usersof MPI-IO.
Thesefunctions,however, canbe implementedportably on top of
ary MPI-1 implementation.

ROMIO, at present,requiresonly that the MPI implementa-
tion supportthe two datatype-decodinfynctionsfrom MPI-2; the
other external-interfacefunctions mentionedabove are not used.
The MPI-2 info functionsand the subarrayand distributed-array
datatypeconstructorareimplementedn ROMIO; however, if the
MPI implementationalso supportsthesefunctions, the onespro-
videdby the MPI implementatiorareusedinstead.

ROMIO workswith, andis includedaspartof, threeMPI im-
plementationsMPICH, HP MPI, and SGI MPI, all of which sup-
port the datatype-access functionsthat ROMIO needs.(ROMIO
may alsowork with the LAM MPI implementationasLAM also



supportsthesefunctionsnow, but we have not yet testedROMIO
with LAM.)

3.12.3 Automatic Detection of File-System Type

ROMIO allows usersto accesdiles on multiple file systemsn the
sameprogram;thereforejt needdo know thetypeof file systenon
which a givenfile residesUserscanspecifythetypeof file system
explicitly by prefixingthefilenamewith astring(like nf s: ) or,on
mostmachinesROMIO candeterminethe type of file systemon
its own by usingthe function availablefor this purpose.On most
file systemghefunctionis st at vf s, on someit isst at f s, on
Intel PFSit is st at pf s, andontheNEC SX-4it is st at .

3.12.4 Automatic Configure and Build

Marny partsof theROMIO sourcecodeareconditionallycompiled,
dependingnthefeaturef theenvironmentmachinefile system,
MPI implementation) Thesefeaturesaredetectecautomaticallyby

usingGNU’saut oconf utility. We distribute ROMIO in theform

of sourcecode,and userscanbuild it on any machineby simply
doing

% configure
% make

We learnedearly on to have the configurescriptlook for features
of a particularervironmentandnot for specificversionnumberof

the underlyingoperatingsystemand othersoftware.By following

this approachwe are ableto adapteasilyto constantlychanging
versionnumbersandfeatures Usersarealsoableto build ROMIO

easilyon new ervironmentswvherewe, the developers have never
beforebuilt or testedROMIO.

4 Implications for File-System Design

File-systemdesigneramay want to know how they could design
theirfile systemto bettersupportMPI-10. We provide alist of fea-
turesdesiredfrom a file systemthat would help in implementing
MPI-10 correctlyandwith high performance.

1. High-Performance Parallel File Access. The file system
mustbe designedo supporthigh-performanceaccesfrom
multiple processeso a commorfile. This implies thatcon-
currentrequestgqparticularly writes) mustnot be serialized
within thefile system.

2. Data-ConsistencySemantics.The data-consistencseman-
ticsin thepresencef concurrentccesseom multiple pro-
cessesnust be clearly definedand correctly implemented.
The file systemmust have a modethat supportsbyte-level
consisteny; it could supportadditionalmodeswith weaker
consisteng semantics(By byte-level consisteng we mean
thatif a processwrites somenumberof bytesstartingfrom
somelocationin thefile, the datawritten mustbe visible to
other processesmmediatelyafter the write from this pro-
cesgeturnswithoutrequiringanexplicit cacheflush.) Unix
or POSIX consisteng semanticswhich supportbyte-level
consisteny, aresufficientfor implementingViPI-10.

3. Atomicity Semantics. File systemscandeliver higherper
formanceif they are not requiredto guaranteeatomicity of
accesses Furthermore,most applicationsdo not perform
concurrentoverlappingaccessesnd, consequentlydo not
needthe stricter atomic mode. We thereforerecommend

that the file systemsupporttwo modes: an atomic mode
and a higherperformancenonatomicmode. Somefile sys-
tems, suchas IBM PIOFSand Intel PFS,alreadysupport
bothmodes.

. File-Attrib ute Consistency Thefile systemmustalsosup-

port consistenyg of file attributes,suchasfile size. For ex-
ample,if two processe®pena new (nonisting) file, one
processwrites 100 bytesto the file, andthe other process
thencallsa functionthatreturnsthesizeof thefile, thefunc-
tion mustreturnthefile sizeas100 bytes. We encountered
problemswith this featureon NFS, becausé\FS cachedile
attributes on eachprocessnoncoherently As a result, the
secondprocessreadthe file size aszero bytes. We solved
this problemby mountingthe NFSdirectorywith the“noac”
option(no attribute caching).

. Interface Supporting NoncontiguousAccessesAlthough

an MPI-10 implementationcan performdatasieving to ac-
cessnoncontiguouslatawith high performancewe believe
thattheperformanceanbeevenbetterf datasievingis done
within thefile system.(Note thatwhendatasieving is done
within thefile systemijt is no differentfrom regularcaching;
the extra dataread/writtencanremainin the cacheandneed
notbediscarded.Jor this purposethefile systemmustpro-
vide an interfacethat supportsnoncontiguousaccessesA
simpleinterfacein which the userspecifiesa list of offsets
and lengthsis sufficient. (SeeSection3.2 for reasonavhy
POSIXIio.listio is notappropriate.) A simpleinter
face,suchasthefollowing, is desired:

int read_list(int nemlist_count,
Il ong | ong *nmem of fsets,
int *mem.| engt hs,
int file |ist_count,
long long *file_offsets,
int *file_l engths)

(similarly forwri te_l i st)

wherememof f set s andmeml engt hs arelists of off-
setsand lengthsrepresentingioncontiguousnemoryloca-
tions, meml i st _count is the number of entries in
memof f set s andmeml engt hs, fil e_of f sets and
fil e_l engt hs arelists of offsetsandlengthsrepresenting
noncontiguousocationsn thefile, andf i | e_l i st _count
is the number of entries in file_offsets and
file_l engt hs. Thisinterfacecanbeconsideredsagen-
eralizationof Unix r eadv/wr i t ev to allow noncontiguity
in thefile.

In MPI-10, noncontiguouslataaccessvith asinglel/O func-
tion is allowed only to monotonicallynondecreasingffsets
in the file; memory offsets can be in ary order The
read_list/write_list functions,therefore,needonly
allow monotonically nondecreasing offsets in
file_of fsets. This restrictioncansimplify the imple-
mentationof thesefunctions.

. Support Files Larger than 2Gbytes. An increasinghum-

ber of applicationsneedto accesdiles largerthan2 Gbytes.
It is thereforecritical thatthe file systembe ableto support
large files. This meanghatthe file-systeminterfaceandin-

ternaldatastructuresnustuse64-bitintegersto representile

offsets.



7. Byte-RangelLocking. Thefile systemmustsupporta lock-
ing facility equivalentto theadvisoryrecord-lockingfeature
(fcent |l locks)in Unix and POSIX.ROMIO usesthis fea-
tureto implementMPI-10’s atomicitysemanticgor noncon-
tiguousfile accessedp implementdatasieving for write re-
guestsandto implementsharedile pointers.

8. Control over File Striping. Sincethe bestvaluesfor file-
striping parametersften dependon the applications access
pattern we recommendhatthefile systemusea “good” set
of valuesasthedefaultandprovide afacility for usergo vary
theseparametersn a perfile basis.

9. Variable Caching/Prefetching Policies. Parallel applica-
tionsexhibit suchawide variationin accespatternghatary
one caching/prefetchingpolicy is unlikely to performwell
for all applicationg27]. Thefile systemmustthereforeei-
ther detectand automaticallyadaptto changingaccesyat-
terns[16, 17] or provide aninterfacefor the userto specify
theaccesgpatternor caching/prefetchingolicy [2, 22].

10. File Preallocation. It is easyandinexpensve for afile sys-
temto provide afunctionto preallocatedisk spacefor afile.
If sucha function is not provided, the MPI-IO function
WPl _Fi | e_pr eal | ocat e canbeimplementednly by ac-
tually writing datato thefile, whichis very expensve.

11. LeaveCollectivel/O to the MPI-IO Implementation. It is
notentirelyclearwhethercollectivel/O is betterif performed
in thefile systemor asa library above thefile system.Both
techniqgueshave beenproposedn theliterature[5, 14, 25].
Our opinionis that, for implementingMPI-10’s collective-
1/0 functionality it is bestif thefile systenfocusedondeliv-
eringthe highestpossibleperformancdor independen(po-
tentially noncontiguous)/O requestsfrom individual pro-
cessegasmentionedn item 5 above), andthe MPI-10O im-
plementatiordid the tasksof identifying the group of pro-
cessegparticipatingn thecollective-1/0 operationgfficiently
shufling dataamongthe processesandmakinglarge I/O re-
questdrom eachprocesswherever possible. This approach
keepsthe file-systemcodesimplerand,as ROMIO demon-
strateg33], canalsodeliver high performance.

12. No sharedfile pointers. Implementingsharedfile pointers
within thefile systemalsorequiresthe file systemto know
which processesharethe sharedile pointer;thatis, thefile
systemmust supportthe notion of MPI communicatorsor
procesgyroupsor their equivalent. We believe thatit would
besimplerif theMPI-10 implementatiorinsteadmplements
sharedile pointerson top of thefile systemby usingary of
thethreemethodsdescribedn Section3.9.

13. Nonblocking (Asynchronous)l/O Optional. It isnotmanda-
tory for thefile systento provide nonblockingl/O functions.
An MPI-IO implementationcan perform nonblocking /O
by usingthreadsthat call the blocking I/O functions. This
method, however, requiresproperthreadsupportfrom the
machineandathread-saféP| implementation.

We notethatthe semantica&ndinterfaceprovided by a POSIX
file systemare sufficient for implementingMPI-10 correctly (as
ROMIO demonstrateshut additionalfeaturesvould helpanMPI-
10 implementationachieve higher performance (ROMIO com-
pensatesor the absencef thesefeatureshy performingoptimiza-
tions suchasdatasieving andcollective 1/0.) Amongthefeatures
listed above, the following are not supportedn POSIX: aninter
facefor noncontiguousiccessegontroloverfile striping, hintsfor

caching/prefetchingolicies,andfile preallocationHigh-performance

parallelfile accessandfile sizeslargerthan2 Gbytesarenot man-
datedby POSIX but are consideredimplementation-dependé¢h
features.

5 Conclusions

ROMIO demonstrateghat it is possibleto implement MPI-10
portably on multiple machinesandfile systemsand also achiese
high performance. The ADIO framework is the key component
thatmakeghis all possibleasit enablesisto performfile-system-
specificoptimizationswithin alargely portableimplementation.

The discussionin this papercovers numerousfile systems—
almostall thefile system®ncommerciallyavailablemachinesAn
importantstoragesystemthatwe did not discuss(mainly because
ROMIO is notimplementednit) is HPSS[37]. HPSSis different
from otherfile systemdn its goalsanddesignfeaturesfor exam-
ple, it supportsthird-party transfer A groupat LawrenceLiver
moreNationalLaboratoryhasimplementedPI-IO on HPSSand
we referinterestedeadergo [13] for adiscussiorof issuegelated
to implementingMPI-10 on HPSS.

By making MPI-10 available everywhereand also delivering
high performancewe expectthatit will bewidely usedandpopu-
lar amongapplicationprogrammersWe believe it will solve some
of the /O performanceand portability problemscurrently experi-
encedn parallelapplications.
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